The Mitsunobu reaction is the displacement of an alcohol with a pronucleophile (Nu--H) mediated by phosphine and azocarboxylate reagents, which work in concert to activate the pronucleophile through deprotonation and convert the alcohol to a reactive alkoxyphosphonium species.\[[@b1]\] Renowned for its mild reaction conditions and broad substrate tolerance, the Mitsunobu reaction is capable of forming C--O, C--N, C--S, C--X, and C--C bonds.\[[@b2]\] However, the Mitsunobu reaction is highly underutilized in process chemistry and manufacturing due to arduous purification from by-products and poor atom economy.\[[@b3]\] Although several innovative reagents have been developed that can be removed by liquid--liquid or solid--liquid extractions to facilitate purification,\[[@b4]\] the ideal Mitsunobu reaction would be catalytic in phosphine and azocarboxylate, and use innocuous reagents to recycle these catalysts.\[[@b5]\] Toward this goal, Toy and co-workers rendered the Mitsunobu catalytic in the azocarboxylate using PhI(OAc)~2~ to oxidize the hydrazine by-product\[[@b6]\] whereas Taniguchi and co-workers developed an iron(II) phthalocyanine catalytic system employing oxygen as the terminal oxidant.\[[@b7]\] O'Brien and co-workers disclosed the first example of a Mitsunobu reaction that is catalytic in phosphine in the patent literature,\[[@b8]\] and optimization of this reaction is heavily desired.\[[@b4], [@b9]\] Herein we report the development and optimization of a Mitsunobu reaction catalytic in phosphorus utilizing dibenzophosphole and phospholane precatalysts **1** and **2** (Scheme [1 B](#sch01){ref-type="scheme"}), inspired by the development of the catalytic Appel,\[[@b10]\] Staudinger,\[[@b10b]\] and Wittig\[[@b11]\] reactions. We then combined this catalytic cycle with the Taniguchi iron--phthalocyanine catalytic system to generate the first fully catalytic Mitsunobu reaction (Scheme [1 A](#sch01){ref-type="scheme"}).

![Proposed catalytic Mitsunobu reaction.](anie0054-13041-f2){#sch01}

Chemoselective reduction of the phosphine oxide product back to the phosphine in the presence of a reactive azo compound is required in order to complete the phosphine catalytic cycle. We initially investigated dibenzophosphole oxide **1** as a precatalyst due to its facile reduction by silanes and its ability to tune the catalyst through modification of the aryl rings.\[[@b10]\] The coupling of 4-nitrobenzoic acid and benzyl alcohol or 4-trifluoromethylbenzyl alcohol was studied with a model system employing stoichiometric DIAD, **1** (10 mol %), and various silanes (Table [1](#tbl1){ref-type="table"}). To benchmark these results, the yield obtained with stoichiometric triphenylphosphine (TPP) was determined as 84 % (Table [1](#tbl1){ref-type="table"}, entry 1). Polymethylhydrosiloxane and triphenylsilane did not provide catalytic turnover (Table [1](#tbl1){ref-type="table"}, entries 3 and 4). Diphenylsilane (entry 5) provided the first encouraging yield of 42 %, whereas phenylsilane (entry 6) furnished an improved yield of 63 %. We next explored the impact of PhSiH~3~ stoichiometry (entries 8--11; see also [Table S2](#SD1){ref-type="supplementary-material"}) on the outcome of the reaction. We observed that excess silane was detrimental, although it led to faster conversion. Conversely, a lower amount of silane led to substantially slower conversion, but did result in slightly improved yields. As a control, we also measured the background reaction in the absence of PhSiH~3~ confirming its vital role (entry 8). The reaction of PhSiH~3~ with alcohols in the presence of Lewis acids (i.e., 4-nitrobenzoic acid) at elevated temperatures is precedented\[[@b12]\] and contributed to the lower yields ([Figure S1](#SD1){ref-type="supplementary-material"}). Thus, even the yield of the stoichiometric TPP reaction was reduced from 84 % to 77 % when PhSiH~3~ was included in the reaction (entries 1 and 2). Based on these considerations, we settled on 1.1 equivalents of PhSiH~3~ as optimal, to minimize both reaction time and undesired reactivity. Finally, we evaluated phospholane precatalyst **2** using our optimized conditions and were elated to obtain 77 % yield (entry 12), which is identical to the stoichiometric TPP version under the same conditions. The catalyst loading could be lowered to 5 mol % without affecting the yield, with 1 mol % of catalyst still providing a respectable 54 % yield (entries 12--15).

###### 

Development of conditions for the Mitsunobu reaction catalytic in phosphine^\[a\]^

  Entry   R       \[P\]   *x*   Silane        *y*   Product   Yield \[%\]^\[b\]^
  ------- ------- ------- ----- ------------- ----- --------- --------------------
  1       H       TPP     110   none                **3 a**   84
  2       H       TPP     110   PhSiH~3~      1.1   **3 a**   77
  3       H       1       10    PHMS          1.5   **3 a**   0
  4       H       1       10    Ph~3~SiH      2.0   **3 a**   0
  5       H       1       10    Ph~2~SiH~2~   1.1   **3 a**   42
  6       H       1       10    PhSiH~3~      1.1   **3 a**   63
  7       H       1       10    none          --    **3 a**   0^\[c\]^
  8       CF~3~   1       10    PhSiH~3~      0.5   **3 b**   66^\[d\]^
  9       CF~3~   1       10    PhSiH~3~      1.5   **3 b**   63
  10      CF~3~   1       10    PhSiH~3~      3.0   **3 b**   52
  11      CF~3~   1       10    PhSiH~3~      6.0   **3 b**   43
  12      H       2       10    PhSiH~3~      1.1   **3 a**   77
  13      H       2       5     PhSiH~3~      1.1   **3 a**   77^\[e\]^
  14      H       2       2     PhSiH~3~      1.1   **3 a**   58^\[f\]^
  15      H       2       1     PhSiH~3~      1.1   **3 a**   54^\[g\]^

\[a\] Reactions performed on 1 mmol scale at 0.25 [m]{.smallcaps}. \[b\] Isolated average of two reactions. \[c\] Reactions with the reduced form of **1** without silane added produced 7 % of product. \[d\] 46 h. \[e\] Reaction at 10 mmol scale was performed with 78 % yield. \[f\] 38 h. \[g\] 69 h.

We speculated that the greater reactivity of catalyst **2** was due to its more facile reduction by PhSiH~3~, which is the rate-limiting step in the phosphine catalytic cycle. The group of van Delft had indicated that **1** and **2** were nearly equivalent in reactivity as measured by reduction with Ph~2~SiH~2~ at 100 °C in 1,4-dioxane.\[[@b10]\] To study the relative reactivity of **1** and **2** more rigorously, we measured their rates of reduction by ^31^P NMR spectroscopy under pseudo first-order conditions (30, 15, 7.5 equiv PhSiH~3~) at various temperatures ranging from 25 to 80 °C.\[[@b12]\] The activation energies (Δ*G*^≠^) were then calculated from the temperature dependence of the second-order rate constants using Arrhenius (Figure [1](#fig01){ref-type="fig"}) and Eyring plots. Reduction of **2** was facile, even at 25 °C, as evident of its low Δ*G*^≠^ of 14.1±0.4 kcal mol^−1^. Whereas **1** was significantly less reactive with a Δ*G*^≠^ of 21.3±3.6 kcal mol^−1^ and was not reduced at 25 °C even after 120 h. These data would indicate that the catalytic Mitsunobu reaction should readily occur at room temperature with **2**. Unfortunately, this is not true in practice and the catalytic Mitsunobu reaction requires elevated temperatures to achieve complete conversion. The activation energies were determined in the absence of other reagents (pronucleophile, alcohol, and DIAD), which attenuate the rate of phosphine reduction ([Table S7](#SD1){ref-type="supplementary-material"}).

![The Arrhenius plots of 1 and 2.](anie0054-13041-f1){#fig01}

With the optimal catalytic conditions established, we then investigated the substrate scope with a range of alcohols and pronucleophiles (Table [2](#tbl2){ref-type="table"}). For comparison, the yields of the stoichiometric reaction conducted at room temperature are also presented. Primary benzylic, allylic, and alkyl alcohols (Table [2](#tbl2){ref-type="table"}, entries 1--5) were reacted with 4-nitrobenzoic acid to afford the corresponding esters in moderate to good yields. The lower yield of the benzylic substrates, relative to the stoichiometric reaction, is due to competitive silane reactivity of the alcohols ([Figure S1](#SD1){ref-type="supplementary-material"}). Notably, the 82 % yield obtained with the simple alkyl alcohol, 3-(4-fluorophenyl)propanol (entry 5) was identical to the stoichiometric version. Propargyl alcohol was also esterified with 84 % yield (entry 6), similar to its stoichiometric counterpart. Secondary alcohols were also competent substrates (entries 7 and 8) providing respectable yields with high enantiomeric purities (e.r.\>94:6). We next examined the coupling of 2-phenylethanol with benzoic acid, aminoacid, phenol, and sulfamide pronucleophiles (entries 9--12). These substrates all afforded the corresponding products in good to excellent yields compared to the stoichiometric reaction. Intramolecular reaction of Boc-protected homoserine furnished the γ-lactone in an impressive 87 % yield (entry 13). The background reaction without the phosphine catalyst was less than 2 %. Reaction of 2′,3′-*O*-isopropylideneinosine with Boc-protected sulfamide provided the coupled product in 70 % yield (entry 14) highlighting the utility of the catalytic Mitsunobu reaction with more challenging substrates.\[[@b14]\]

###### 

The substrate scope of the catalytic Mitsunobu reaction^\[a\]^

  Entry   Product             Catalytic yield \[%\]^\[b\]^   Stoichiometric yield \[%\]^\[b,c\]^
  ------- --------- --------- ------------------------------ -------------------------------------
  1                 **3 a**   77                             94
  2                 **3 b**   76                             92
  3                 **3 c**   61                             80
  4                 **3 d**   50                             50
  5                 **3 e**   82                             82
  6                 **3 f**   84                             90
  7                 **3 g**   69^\[d\]^                      77^\[d\]^
  8                 **3 h**   68^\[e\]^                      78^\[e\]^
  9                 **3 i**   76                             96
  10                **3 j**   63                             83
  11                **3 k**   51^\[f\]^                      85^\[f\]^
  12                **3 l**   72                             90
  13                **3 m**   87^\[g,h\]^                    98^\[g\]^
  14                **3 n**   70^\[i\]^                      93^\[i\]^

\[a\] Reactions performed on 0.5--1.0 mmol scale at 0.25 [m]{.smallcaps} employing 1.5 equiv of pronucleophile, 10 mol % loading of catalyst **2**, and 1.1 equivalents of both DIAD and PhSiH~3~. Reactions were all run at 80 °C. \[b\] Isolated average of two reactions. \[c\] Reactions performed at 23 °C with 1.5 equivalents of pronucleophile, TPP, and DIAD without phenylsilane for 18 h. \[d\] e.r. 94:6. \[e\] e.r.\>99.5:0.5. \[f\] 48 h. \[g\] Concentration was 0.04 [m]{.smallcaps}. \[h\] Background reaction with only Boc-homoserine-OH, DIAD, and PhSiH~3~ only produced traces. \[i\] *N*-Boc sulfamide (3 equiv) was used as the pronucleophile.

Integration of the phosphine and azocarboxylate catalytic cycles would provide the first fully catalytic Mitsunobu reaction. Given the opposing requirements for catalyst turnover (phosphine oxide reduction versus hydrazine oxidation), it was unclear whether these two cycles would be compatible. Among the two described azocarboxylate catalytic systems,\[[@b6], [@b7]\] we chose the Taniguchi iron(II) phthalocyanine \[Fe(pc)\] protocol that utilizes catalytic hydrazine **4**, because it employs oxygen as the terminal oxidant. As a proof of concept, we studied the coupling of 4-methoxybenzyl alcohol\[[@b15]\] with 4*-*nitrobenzoic acid. Our first attempt of employing our optimized protocol with Taniguchi's conditions (10 mol % \[Fe(pc)\], 10 mol % **4**) furnished a 15 % yield (Table [3](#tbl3){ref-type="table"}, entry 1). While not impressive, this result indicated that both catalytic cycles could be combined as at least one turnover was noted. Performing the reaction under an oxygen-enriched atmosphere quickly improved the yield from 15 to 35 % (Table [3](#tbl3){ref-type="table"}, entries 1 and 3). Switching to 5 Å molecular sieves slightly improved yields; however, combining an oxygen-enriched atmosphere with 5 Å molecular sieves proved to be crucial and increased the yield to 63 % (entry 5), which is comparable to the yield obtained with our catalytic phosphine conditions alone (Table [2](#tbl2){ref-type="table"}, entry 3). As noted before, catalyst **2** was superior to catalyst **1** in the fully catalytic Mitsunobu reaction (Table [3](#tbl3){ref-type="table"}, entries 3 and 5).

###### 

The initial optimization of the fully catalytic Mitsunobu reaction^\[a\]^

  Entry   R     \[P\]   MS \[Å\]^\[b\]^   Atmosphere             Yield^\[c\]^
  ------- ----- ------- ----------------- ---------------------- --------------
  1       OMe   1       4                 air                    15
  2       OMe   1       5                 air                    19
  3       OMe   1       5                 O~2~ enriched^\[d\]^   35
  4       OMe   2       5                 air                    35
  5       OMe   2       5                 O~2~ enriched^\[d\]^   63^\[e\]^
  6       H     2       5                 O~2~ enriched^\[d\]^   68

\[a\] Reactions performed on 0.5 mmol scale at 0.17 [m]{.smallcaps} employing 1.5 equivalents of 4*-*nitrobenzoic acid. \[b\] All MS are powdered. \[c\] Average yield of the isolated product of two reactions. \[d\] Oxygen prepared by the reaction of NaOCl and H~2~O~2~. \[e\] Average yield of the isolated product of three reactions ranging from 60--68 % yield.

We were able to successfully combine Taniguchi's approach with our novel catalytic phosphorus methodology. Both the phosphorous catalyst and the catalytic hydrazine can also be recovered easily in greater than 95 % quantities during chromatography. Fe(pc) is nontoxic and inexpensive, and **2** is synthesized in only two steps without the need for halogenated solvents or carcinogenic butadiene.\[[@b11b], [@b16]\] While there is still room for improvement, the concept of a fully catalytic Mitsunobu reaction has finally been realized. Improvements in yield and reaction setup will turn this concept into a more practical application, but this reaction still fulfills the requirements of a sustainable, safe, and economic Mitsunobu reaction for process chemistry and manufacturing. We are currently engaged in seeking improvements to our methodology with new catalysts.\[[@b17]\] We are also seeking a fully catalytic Mitsunobu reaction that is feasible at room temperature\[[@b18]\] to ensure the widest possible application of this powerful transformation.

Experimental Section
====================

Typical procedure for the Mitsunobu reaction catalytic in phosphine: To a 15 mL pressure tube equipped with a stir bar was added catalyst **2** (18 mg, 0.10 equiv, 0.10 mmol) and 4-nitrobenzoic acid (250 mg, 1.5 equiv, 1.5 mmol). Then, THF (4 mL) was added followed by benzyl alcohol (103 μL, 1.0 equiv, 1.0 mmol), DIAD (216 μL, 1.1 equiv, 1.1 mmol), and phenylsilane (135 μL, 1.1 equiv, 1.1 mmol). The reaction vessel was sealed with a \#15 O-ring and heated to 80 °C for 18 h. The reaction was cooled to 23 °C and concentrated under reduced pressure. The residue was purified by column chromatography eluting with hexane (to recover reduced **2**) followed by a step-wise gradient from 0 to 10 % EtOAc in hexane. Benzyl 4-nitrobenzoate was isolated as an off-white solid (197 mg, 0.77 mmol, 77 %).

Typical procedure for the fully catalytic Mitsunobu reaction: To a 35 mL pressure tube equipped with a stir bar was added catalyst **2** (9.0 mg, 0.10 equiv, 0.05 mmol), catalyst **4** (12.5 mg, 0.10 equiv, 0.05 mmol), Fe(pc) (28.5 mg, 0.10 equiv, 0.05 mmol), 4-nitrobenzoic acid (125 mg, 1.5 equiv, 0.75 mmol), and 5 Å powdered molecular sieves (500 mg). THF (3 mL) was added followed by 4-methoxybenzyl alcohol (62 μL, 1.0 equiv, 0.50 mmol), and phenylsilane (68 μL, 1.1 equiv, 0.55 mmol). The vessel was purged with oxygen gas and sealed with a \#15 O-ring. The reaction was heated at 70 °C for 48 h. The reaction was cooled to 23 °C, filtered to remove the sieves and the filtrate was partitioned between EtOAc (30 mL) and saturated aqueous NaHCO~3~ (30 mL). The organic layer was separated and washed with saturated aqueous NaCl (30 mL), dried (MgSO~4~) and concentrated under reduced pressure. The residue was purified by column chromatography eluting with hexane (to recover reduced **2** and oxidized **4**) followed by a step-wise gradient from 0 to 10 % EtOAc in hexane. 4-Methoxybenzyl 4-nitrobenzoate was isolated as a yellow solid (90.5 mg, 0.32 mmol, 63 %).
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